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Design Goals
• Design a 28 GHz phased-array planar antenna, where each antenna is excited by a 

separate module

• Small Cell Phased Array Module need to cover the range and angle of street area

• The module is composed of:
• PCB – as the motherboard, multilayer patch antennas and their feeding lines

• SMT Module – for passive components, Beamforming and MMIC FEM module 

• SMA Connector – for RF signal to the other modules
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5G Scenarios
“Overview of Millimeter Wave Communications for 

Fifth-Generation (5G) Wireless Networks-with a 

focus on Propagation Models”, Theodore S. 

Rappaport, Yunchou Xing,

“5 Things to Consider When Designing Fixed Wireless 

Access (FWA) Systems”,  Qorvo
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RSU for C-V2X and Smart City

From NGMN Alliance website
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5G 3GPP mmWave Channel Model (WINNER II, METIS)

Example Calculation !!
“5G Cellular User Equipment: From Theory to Practical Hardware Design”, 

Yiming Huo, et al. 
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BFM Scenario Calculation
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mmWave Beamforming Topologies

“5G Fixed Wireless Access Array and RF Front-
End Trade-Offs”, Qorvo



8ni.com/awr

Path loss and Link Budget Calculation

“Bits to Beams – RF Technology Evolution for 5G mmwave Radios”, ADI @ Microwave 
Journal Nov. 2018

• ADI 200m NLOS Link budget example in suburban FWA
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5G_CHANNEL

1 2

5G_CHANNEL
ID=S1
CTRFRQSEL=Propagated
TXNUMANTELEMS=1
RXNUMANTELEMS=1
DATA=""
STDCHPROFILE=3GPP (5G): CDL-A, 28GHz, UMi, Normal Delay

SPwr: -97.0997 dBm

TONE
ID=A1
FRQ=3.5 GHz
PWR=9 dBm
PHS=0 Deg
CTRFRQ=3.5 GHz
SMPFRQ= 
ZS=_Z0 Ohm
TN=_TAMB DegK
NOISE=Auto
PNMASK= 
PNOISE=No phase noise

SPwr: 9 dBm

LOAD
ID=S2
Z=_Z0 Ohm

TP
ID=TP1

TP
ID=TP2

1 2

ANTENNA
ID=S3
ANTGAIN=26 dB
RADPAT=""
THETA=0 Deg
PHI=0 Deg
NOISE=Auto

SPwr: -71.0997 dBm

12

ANTENNA
ID=S4
ANTGAIN=26 dB
RADPAT=""
THETA=0 Deg
PHI=0 Deg
NOISE=Auto

SPwr: 44.9003 dBm

RF RX

1 2

SUBCKT
ID=S5
NET="RF_RX"
FP1=27
FP2=29
N1stFilter=7
GAIN_1=25
P1dB_1=13
NF1stAMP=2.5
GCONV=-6
P1dB=20
IP3=30
LO2OUT=-25
IN2OUT=-20
LO2IN=-25
OUT2IN=-25
NFMixer=6
LOFREQ=24.5
LOPWR=10
FP1_2=2
FP2_2=6
N2ndFilter=5

SPwr: -52.1565 dBm

RF TX

1 2

SUBCKT
ID=S6
NET="RF_TX"
LOFREQ=24.5
LOPWR=10
GCONV=-10
P1dB=30
IP3=40
LO2OUT=-25
IN2OUT=-20
LO2IN=-25
OUT2IN=-25
NFMixer=10
FP1=27
FP2=29
N1stFilter=5
GAIN_1=20
P1dB_1=30
NF1stAMP=3

SPwr: 18.9003 dBm

TP
ID=TP3

Link-budge Analysis for DL & UL in VSS
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p2

p1

m1:
4.942
-81.62 dB
Power Gain, Cumulative, dB
Freq = 3.5 GHz

DB(C_GP(TP.TP1,TP.TP2,1,0,0))[1]
System Diagram 1

DB(|P_node(TP.TP1,TP.TP2,10,1,0)|)[1] (dBm)
System Diagram 1

p1: Power Gain, Cumulative, dB
Freq = 3.5 GHz

p2: Node Power, dBm
Freq = 3.5 GHz
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Design Equations/Goals

M (x-axis) N (y-axis) Max Gain (dB) Beam width 
2D (degree)

2 1 3 60

4 1 6 34

8 1 9 18

2 2 6 60

4 4 12 34

8 8 18 18

Ideal Array Factor

• NLOS/LOS Path Loss:125/95 dB
• Element Antenna Gain: 6
• Array Gain: 9+6 dB (X/Y)
• Beam Width: 10º/>30º (Scanned X/ Fixed Y)
• TX PA Output Power: 

- Linear: 24dBm 
- Psat: 33 dBm

• EIRP: 
- Linear: 45dBm
- Psat: 54dBm
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Element Patch Antenna for 28GHz 
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“A Scalable 64-Element 28 GHz Phased-Array Transceiver with 50 dBmEIRP and 8-12 Gbps5G Link at 300 
Meters Without Any Calibration,” IMS2018

“A 28-GHz CMOS Direct Conversion Transceiver With Packaged 2 × 4 Antenna Array
for 5G Cellular System” JSSC May 2018
“Phased Array Innovations for 5G mmWvae Beamforming,” IEEE 5G Summit, IBM 2015 

28 GHz Si-based Integrated BFM
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Nokia 28GHz Backhaul 

“Design and measurement of a 5G mmW mobile backhaul transceiver at 28 GHz,” 
EURASIP Journal onWireless Communications and Networking (2018)
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• Simplified Beam Forming Module’s structure:

PCB
PCB
PCB
PCB

PCB

Create New Process for BFM

PCB
PCB

GND

GaN MMIC FEM

Stripline BPF

Aperture Coupled 
Stack Patch Antenna

GND

GND

SiGe Beamforming Chip

AIR
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Create Your Process – Multilayer PCB
• You may use the “Create New Process” tool in order to define the process of 

your project
• In this example – a multilayer PCB with air frame
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Create Your Process
• The new process generates the following:

• Global definitions: multiple MSUB and STACKUP models
o You may add or modify them

• A new layout process file (LPF) 
• Including an automatic mapping of schematic’s layout and EM layout

• VIA models
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Optimization of Multilayer Patch Antenna

• Shape Modifier in Layout
• Parameters in Stackup
• Optimization Goals of 

Antenna Gain and RL 

ID=EM3
L=L mm
FE=Center

ID=EM2
L=W mm
FE=Center

ID=EM8
L=W_SL mm
FE=Center

ID=EM4
L=S mm
FE=Center

ID=EM6
L=L2 mm
FE=Center

ID=EM5
L=W2 mm
FE=Center

ID=AM10
R=3
C=1
DX=0 mm
DY=-1 mm
ST=Edge-to-Edge

ID=AM11
R=3
C=1
DX=0 mm
DY=-1 mm
ST=Edge-to-Edge

ID=AM9
R=1
C=5
DX=1 mm
DY=0 mm
ST=Edge-to-Edge

ID=LBM1
LIA=M04
LIB=M02
LIR=M04
OP=A_SUB_B
KEEP_LIA=NO
KEEP_LIB=NO

ID=EM7
L=L1 mm
FE=Right

ID=LBM12
LIA=M06+
LIB=M06-
LIR=M06+
OP=A_SUB_B
KEEP_LIA=NO
KEEP_LIB=NO

1

27 27.5 28 28.5 29
Frequency (GHz)

Pattern
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d2

d1

DB(|SF_TPwr(1,1,0,0,1)|) (R)
AXM_28GHzElem1

DB(|S_TERM_Z(50,0,1,1,1)|) (L)
AXM_28GHzElem1

d1: EM_Opt14_DS11

d2: EM_Opt14_DS11
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Antenna Design With AntSyn
• AntSyn™  is an EM-based antenna design and synthesis tool
• Set the antenna goals
• Choose any antenna from a large and flexible data base
• AntSyn will optimize the antenna for you
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Antenna Design With AntSyn

• In this example, AntSyn is used for a 
multilayer patch antenna optimized to 
28 GHz

• The design are reached
• The model can be automatically 

exported to several EM tools, including 
AXIEM and Analyst™
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AntSyn Stack Patch Verification in Analyst
• 4-12mins solving time with Analyst 3D EM
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Feed Network Co-simulation of Antenna Array
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1x4 Fixed Antenna Array at Y-axis

1

2

3

4
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HB-EM Co-simulation for Antenna Pattern & RL

Wb2=0.201499581813812
Wb1=0.438685302734375

Wa1=0.1

Lb2=2.56647978515625
Lb1=8.49639544677735

La=0.108664897608757

Wa2=0.165

SCTRACE
ID=TL2
W=Wb2 mm
L=Lb2 mm
R=Wb2/2 mm
SSUB=SSUB1

SCTRACE
ID=TL3
W=Wb2 mm
L=Lb2 mm
R=Wb2/2 mm
SSUB=SSUB1

SCTRACE
ID=TL4
W=Wb1 mm
L=Lb1 mm
R=Wb1/2 mm
SSUB=SSUB1

SCTRACE
ID=TL5
W=Wb1 mm
L=Lb1 mm
R=Wb1/2 mm
SSUB=SSUB1

STAPER
ID=SL1
W1=W@SCTRACE.TL14 mm
W2=0.34 mm
L=0.223938861083984 mm

STAPER
ID=SL2
W1=W@SCTRACE.TL14 mm
W2=0.34 mm
L=L@STAPER.SL1 mm

SSUB
Er=3.38
B=0.654 mm
T=0.018 mm
Rho=0.7
Tand=0.0015
Name=SSUB1

SSUBL
Er1=3.38
Er2=3.38
Tand1=0.001
Tand2=0.001
H1=0.327 mm
H2=0.327 mm
T=0.018 mm
Rho=0.7
Name=SSUBL1

1

2

3

4

SUBCKT
ID=S6
NET="Phased_Array_Antenna_Array"

1 2

3

SUBCKT
ID=S1
NET="SLTEE1"

1 2

3

SUBCKT
ID=S2
NET="SLTEE2"

1 2

3

SUBCKT
ID=S3
NET="SLTEE2"

S1LIN
ID=TL11
W=0.34 mm
L=0.05 mm
Acc=1
SSUBL=SSUBL1

S1LIN
ID=TL12
W=0.34 mm
L=0.05 mm
Acc=1
SSUBL=SSUBL1

SCTRACE
ID=TL13
W=W@SCTRACE.TL14 mm
L=L@SCTRACE.TL14 mm
R=0.2 mm
SSUB=SSUB1

SCTRACE
ID=TL14
W=0.257709594726562 mm
L=5.01440170295715 mm
R=0.2 mm
SSUB=SSUB1SLEF

ID=SL5
W=0.219673103332519 mm
L=0.170138954162598 mm
SSUB=SSUB1

SLEF
ID=SL6
W=W@SLEF.SL5 mm
L=L@SLEF.SL5 mm
SSUB=SSUB1

1 2

3

STEE$
ID=SL7
SSUB=SSUB1

1

2

3
STEE$
ID=SL8
SSUB=SSUB1

EXTRACT
ID=EX1
EM_Doc="Test"
Name="EM_Extract"
Simulator=AXIEM
X_Cell_Size=0.02 mm
Y_Cell_Size=0.02 mm
STACKUP="SUB1"
Override_Options=Yes
Hierarchy=Off
SweepVar_Names=""

STAPER
ID=SL3
W1=W@SCTRACE.TL2 mm
W2=.188 mm
L=La mm
SSUB=SSUB1

STAPER
ID=SL4
W1=W@SCTRACE.TL3 mm
W2=.188 mm
L=La mm
SSUB=SSUB1

SSTEP
ID=SL9
W1=.1 mm
W2=Wb1 mm
SSUB=SSUB1

SSTEP
ID=SL10
W1=.1 mm
W2=Wb1 mm
SSUB=SSUB1

SSTEP
ID=SL11
W1=.1 mm
W2=Wb2 mm
SSUB=SSUB1

SSTEP
ID=SL12
W1=.1 mm
W2=Wb2 mm
SSUB=SSUB1

SCTRACE
ID=TL1
W=0.369133325195313 mm
L=5.47875018554687 mm
R=0.5*W@SCTRACE.TL1 mm
SSUB=SSUB1

PORT1
P=1
Z=50 Ohm
Pwr=-10 dBm

1

2

3

4

ID
=A

M5
R=

2
C=

5
DX

=1
 m

m
DY
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0.

9 
m

m
ST

=E
dg

e-
to

-E
dg

e

ID
=A
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R=

7
C=

2
DX

=1
 m

m
DY
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1 

m
m
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=E

dg
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to
-E

dg
e

ID
=A
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R=

2
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5
DX

=1
 m

m
DY
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0.

9 
m

m
ST

=E
dg

e-
to

-E
dg

e

ID
=A

M3
R=

7
C=

2
DX

=1
 m

m
DY

=-
1 

m
m

ST
=E

dg
e-

to
-E

dg
e

PORT1
P=1
Z=50 Ohm
Pwr=-10 dBm

~1 hr EM Solving
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Whole 3D Layout and Pattern 
Stack Patch 
Antennas

Stripline Feed networks
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m3: Offset (m1)
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9.508 dB
FDOC = 28 GHz

m2: Offset (m1)
-12.5 Deg
9.508 dB
FDOC = 28 GHz

m1: Maximum
0 Deg
12.51 dB
FDOC = 28 GHz

DB(|PPC_TPwr_CKT(SubArray1x4_Opt.AP_HB,SUBCKT.S6,1,1,90,2,1)|)[3]
Phased_Array_Antenna_Array.AP_HB
DB(|PPC_TPwr(1,1,90,2,1)|)[3]
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p1: FDOC = 28 GHz
p2: FDOC = 28 GHz

< 1sec/Iteration
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Active Electronically Scanned Array (AESA)
For 5G Pole Size Small Cell BS
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1x8 Phased Array at X-axis with FEM PA

8877665544332211

60 x 26 mm^2
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Realize Feed Structure of Active Electronically Scanned 
Array (AESA)

FREQ << 2.8e+10 / _FREQ_U
DATAFILE << "Phased_Array 1_Data"
THETA_ST << 0
PHI_ST << 0

PORT1
P=1
Z=50 Ohm
Pwr=-10 dBm

Conn_1_1
Conn_1_1

Conn_1_2

Conn_1_2
Conn_1_3

Conn_1_3

Conn_1_4

Conn_1_4

Conn_1_5

1

2

3

4

5

6

7

8

9

SUBCKT
ID=S1
NET="Feed_Network 1_8"
LOSS=9.0309
Z=50 Ohm

1 2

SUBCKT
ID=S2
NET="Phased_Array 1_Group_Default"
INDEX=1

1 2

SUBCKT
ID=S3
NET="Phased_Array 1_Group_Default"
INDEX=2

1 2

SUBCKT
ID=S4
NET="Phased_Array 1_Group_Default"
INDEX=3

1 2

SUBCKT
ID=S5
NET="Phased_Array 1_Group_Default"
INDEX=4

1 2

SUBCKT
ID=S6
NET="Phased_Array 1_Group_Default"
INDEX=5

1 2

SUBCKT
ID=S7
NET="Phased_Array 1_Group_Default"
INDEX=6

1 2

SUBCKT
ID=S8
NET="Phased_Array 1_Group_Default"
INDEX=7

1 2

SUBCKT
ID=S9
NET="Phased_Array 1_Group_Default"
INDEX=8

1

2

3

4

5

6

7

8

SUBCKT
ID=S10
NET="Phased_Array 1_Antenna_Array"

Conn_1_5

Conn_1_6

Conn_1_6

Conn_1_7

Conn_1_7

Conn_1_8

Conn_1_8

Conn_2_1

Conn_2_1

Conn_2_2

Conn_2_2

Conn_2_3

Conn_2_3

Conn_2_4

Conn_2_4

Conn_2_5

Conn_2_5

Conn_2_6

Conn_2_6

Conn_2_7

Conn_2_7

Conn_2_8

Conn_2_8

Conn_1_1

Conn_1_2

Conn_1_3

Conn_1_4

Conn_1_5

Conn_1_6

Conn_1_7

Conn_1_8

Conn_2_1
Conn_2_1

Conn_2_2

PORT1
P=1
Z=50 Ohm
Pwr=0 dBm

1 2

SUBCKT
ID=S2
NET="Phased_Array_Group_Default"
INDEX=1
PHI_ST=PHI_ST Deg

1 2

SUBCKT
ID=S3
NET="Phased_Array_Group_Default"
INDEX=2

1 2

SUBCKT
ID=S4
NET="Phased_Array_Group_Default"
INDEX=3

1 2

SUBCKT
ID=S5
NET="Phased_Array_Group_Default"
INDEX=4

1 2

SUBCKT
ID=S6
NET="Phased_Array_Group_Default"
INDEX=5

1 2

SUBCKT
ID=S7
NET="Phased_Array_Group_Default"
INDEX=6

1 2

SUBCKT
ID=S8
NET="Phased_Array_Group_Default"
INDEX=7

1 2

SUBCKT
ID=S9
NET="Phased_Array_Group_Default"
INDEX=8

1

2

3

4

5

6

7

8

SUBCKT
ID=S10
NET="EM Structure ANA_3"

1
2

3

4

5

6

7
SUBCKT
ID=S20
NET="Schematic 1_FEM"

1
2
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4

5
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7

SUBCKT
ID=S21
NET="Schematic 1_FEM"

1
2

3

4
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6

7

SUBCKT
ID=S22
NET="Schematic 1_FEM"

1
2

3

4

5

6

7

SUBCKT
ID=S23
NET="Schematic 1_FEM"

1 2

3

4

5

6

7

8

9

SUBCKT
ID=S19
NET="Schematic 1"

1 2

SUBCKT
ID=S1
NET="iFilter_EM_BPF"

1 2

SUBCKT
ID=S11
NET="iFilter_EM_BPF"

1 2

SUBCKT
ID=S12
NET="iFilter_EM_BPF"

1 2

SUBCKT
ID=S13
NET="iFilter_EM_BPF"

1 2

SUBCKT
ID=S14
NET="iFilter_EM_BPF"

1 2

SUBCKT
ID=S15
NET="iFilter_EM_BPF"

1 2

SUBCKT
ID=S16
NET="iFilter_EM_BPF"

1 2

SUBCKT
ID=S17
NET="iFilter_EM_BPF"

1 2

SUBCKT
ID=S18
NET="Schematic 2"

Conn_2_2

Conn_2_3

Conn_2_3

Conn_2_4

Conn_2_4

Conn_2_5

Conn_2_5

Conn_2_6

Conn_2_6

Conn_2_7

Conn_2_7

Conn_2_8

Conn_2_8

Conn_1_4

Conn_1_3

Conn_1_2

Conn_1_1

Conn_1_5

Conn_1_6

Conn_1_7

Conn_1_8

TLINP
L=10 mm

TLINP
L=10 mm

TLINP
L=10 mm

TLINP
L=10 mm

TLINP
L=10 mm

TLINP
L=10 mm

TLINP
L=10 mm

TLINP
L=10 mm

FEM

Beamforming 
Chip

BPF

TLs

TLs

SMA

Phased Array 
Generator
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Circuit Driven AESA Radiation Pattern 
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Stand Alone Array vs. AESA Co-Simulation
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Beam Forming Chips

IBM/Ericsson UCSD

LG
2.6 x 2.8 mm^2

15.8 x 10.5 mm^2

“A Scalable 64-Element 28 GHz Phased-Array Transceiver with 50 dBmEIRP and 8-12 Gbps5G Link at 300 
Meters Without Any Calibration,” IMS2018

“A 28-GHz CMOS Direct Conversion Transceiver With Packaged 2 × 4 Antenna Array
for 5G Cellular System” JSSC May 2018
“Phased Array Innovations for 5G mmWvae Beamforming,” IEEE 5G Summit, IBM 2015 
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NL_AMP
ID=AM1
GAIN=12 dB
NF=3 dB
IP2H=50 dBm
IP3=40 dBm
P1DB=30 dBm

1

2

3

4

5

6

7

8

9

SUBCKT
ID=S1
NET="Feed_Network_8"
LOSS=9.0309
Z=50 Ohm

1 2

SUBCKT
ID=S11
NET="BF_PS"
INDEX=1
Ast=A_ST
att=ATT

1 2

SUBCKT
ID=S12
NET="BF_PS"
INDEX=2
Ast=A_ST
att=ATT

1 2

SUBCKT
ID=S13
NET="BF_PS"
INDEX=3
Ast=A_ST
att=ATT

1 2

SUBCKT
ID=S14
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PA and FEM for 28GHz Application

Plextek RFI 3.4x2 mm^2

Plextek white paper: Case Study –
Single Chip Front End Module (FEM) 
for 28GHz 5G

“High Efficiency Ka-Band Gallium Nitride Power Amplifier MMICs,” IEEE COMCAS 2013

“A highly integrated RF frontend module including Doherty PA, LNA and switch for high SHF wide-band massive 
MIMO in 5G,” PAWR ’17

Samsung IMS2016
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SMT 28GHz BPF
3D Glass BPF DLI B280LB0S Murata Quartz WG BPF

~6.8x17x1.5mm^3

“A Compact 28GHz Band Pass Filter using Quartz Folded 
Waveguide,” IMS2018

B280LB0S Datasheet DLI

From https://www.3dglasssolutions.com/
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PCB Integrated FiltersSuspended Strip Line BPF

1 2

Strip Line BPF LTCC BPF

“LTCC VERTICALLY-STACKED CROSS-COUPLED BAND- PASS FILTER FOR LMDS BAND 
APPLICATIONS,” Progress In Electromagnetics Research C 2011
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Microvia and PTH
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Suppress Spurious Wave Modes
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E field of mmWave Transmission Lines

Ref: “The Effects of PCB Fabrication on High-Frequency Electrical 
Performance”, www.Rogers.com

“Transmission Line Geometries”, T. Weller, Univ. of South Florida
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mmWave Circuit Design Challenge

Frequency (GHz)
Skin Depth in 
Copper (um)

Microstrip 
Wavelength 

(Er=3.66) (mm)

1 2.00 179

10 0.67 17.7

30 0.38 5.73

40 0.33 4.53

77 0.24 2.36

§ Loss on Board: 
§ Conductor Loss (resistive, skin effect, roughness)
§ Dielectric Loss (loss tangent)
§ Radiation Loss (proportional L/λ)

“Overview and Comparison of Microwave PCB 
Transmission Line Circuits” Rogers, PCB West 2012
“Wideband characterization of printed circuit 
board materials up to 50 GHz”, Aleksei Rakov

“The Future of Nickel in Nickel/Palladium/Gold Final Finishes”,PCB Design Magazine April 2015
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Finishes and Roughness of Metal
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Roughness and Etching Studying for Strip Line and GCPW
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RFIC/MMIC in  QFN/Flip-chip/Wire-bonding Package 
on PCB Board

We are interested in the launch from the board into the package by means of bond wires/flip-chip and 
including the quad flat no lead (QFN) package or IC carrier board/module

Interesting questions are:
• Performance of launch
• Ground studies
• Package resonances
• Optimization of layout
• Yield analysis

Electromigration
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3D Cells and PDK (Library) Cells (Analyst)
• 3D Cells are predefined, parameter controlled cells, for 

common types of 3D objects:
• Bond wires
• BGA balls
• QFN packages
• SMA connectors
• Custom cells

The simulator needs to support the cell
• Library cells are part of the PDK for the technology.  Their 

layout can be used for
• Vias
• Multi-metal layer lines
• Spirals

Grounding vias from 
the board PDK
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mmWave Connector & Test Board

Frequency (GHz)
Skin Depth in 
Copper (um)

Microstrip 
Wavelength 

(Er=3.66) (mm)

1 2.00 179

10 0.67 17.7

30 0.38 5.73

40 0.33 4.53

77 0.24 2.36
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Surface Mount SMA to SL and ML
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Additional Information (Knowledge Base)

• Many useful articles, scripts, and extra examples can be found within the NI AWR 

software Resource Library: awrcorp.com/resource-library

• AWR website: www.awrcorp.com/

• E-Learning portal: awrcorp.com/awr-support/training-center/e-learning-portal

• AWR-TV YouTube video channel: awrcorp.com/awrtv-player

http://www.awrcorp.com/resource-library

